In order to study the genetic basis of left-right asym-
Introduction et al., 2000).
In addition to domains of expression in the lateral In vertebrates, lateralization of the CNS is evident both plate mesoderm, oep, sur, cyc, the lefty gene antivin/ in terms of asymmetric behaviors and in the localization lefty1 (atv), and the homeobox gene pitx2 are also exof specific cognitive abilities predominantly to one side pressed in the zebrafish brain. observations suggest that Nodal signaling may have a 1996), and it has proved difficult to determine if there function in the brain comparable to its role in the lateral is a relationship between laterality of the CNS and handplate mesoderm. In support of this, several mutations edness of the viscera and heart. Indeed, although a that affect the laterality of gene expression in the mesowide variety of studies have elucidated the pathways derm and situs of the viscera and heart also affect exregulating heart and visceral asymmetry, these studies pression of left-sided genes in the brain (Bisgrove et al., 2000) . It has been unclear, however, if these changes in CNS gene expression have any consequences on the ‡ To whom correspondence should be addressed (e-mail: schier@ development of neuroanatomical asymmetries. In order to study the genetic basis of left-right asym-metry in the CNS, we have identified asymmetries in the diencephalic habenular nuclei and pineal complex of the larval zebrafish brain. The habenulae are dorsal diencephalic nuclei that receive input from the telencephalon via the stria medullaris and relay information to the interpeduncular nuclei in the ventral midbrain via the fasciculi retroflexus. These pathways are conserved in all vertebrates and are likely to represent an evolutionarily conserved output pathway from the telencephalon. The habenular nuclei are often bilaterally symmetrical in teleosts but asymmetries are described in some species (Braitenberg and Kemali, 1970; Ekstrom and Ebbesson, 1988) . We find that the left habenular nucleus is considerably larger than the right nucleus in larval zebrafish. In addition to the habenulae, the dorsal diencephalon gives rise to several evaginations that include the epiphysis/pineal organ and the parapineal organ. In adult animals, the pineal organ has endocrine roles that include secretion of melatonin, a hormonal regulator of circadian rhythms. Additionally, in many species, the epiphysis and/or parapineal organs are photoreceptive and, in some amphibia and reptiles, may form true eye-like structures. During embryogenesis, the pineal complex develops earlier than the lateral eyes (Masai et al., 1997; Ostholm et al., 1987 Ostholm et al., , 1988 and may mediate early lightevoked behaviors (Roberts, 1978; Foster and Roberts, 1982; Jamieson and Roberts, 1999). The epiphysis is usually a midline structure, while, in some species, the parapineal occupies a position to the left of the midline (e.g., Borg et al., 1983) . We find that the parapineal is located to the left in larval zebrafish.
In this study, we investigate the regulation of leftsided expression of genes that function in the Nodal pathway and examine how components of this pathway influence asymmetry and laterality in the zebrafish forebrain. We propose a novel model for left-right patterning in which early Nodal signaling initially represses the transcription of genes normally expressed in the left diencephalon. Oep and Sur function is subsequently required to overcome this repression and an intact midline is required to limit expression to one side of the brain. Strikingly, we find that in mutants in which expression of left-sided genes is either absent or is bilateral, anatomical asymmetry of the habenulae and parapineal is still established but laterality is randomized. These results indicate that components of the Nodal signaling pathway and the midline regulate the laterality of vertebrate brain asymmetry. . In contrast to mutants may be that early Nodal signaling regulates midline development and an intact midline is required previous studies wherein anterior midline defects were associated with the sur Ϫ/Ϫ phenotype (Bisgrove et al., to restrict expression to one side of the embryo (reviewed in Burdine and Schier, 2000) . Supporting such 2000), the sur Ϫ/Ϫ mutants studied here exhibited mild or no axial defects. Indeed, some sur Ϫ/Ϫ embryos can be a role for the midline, diencephalic cyc and pitx2 expression is bilateral in ntl Ϫ/Ϫ embryos, which lack a differentigrown to adulthood. Similar to LZoep Ϫ/Ϫ embryos, we found that sur Ϫ/Ϫ mutants express oep, but not cyc and ated notochord ( Figure 3 and sion domains of shh were partially or completely absent tected on the same side of the brain as the enlarged habenular nucleus ( Figure 4L ). Heart looping is also dis- (Figure 3 and Table 1 ). These results demonstrate that an intact midline is essential for restricting the expresrupted in LZoep Ϫ/Ϫ fish (Yan et al., 1999), but the direction of heart looping was randomized with respect to sion of cyc and pitx2 to the left diencephalon. the laterality of the diencephalon (Table 2) (Fig-4I-4K) . In all cases examined, the parapineal was de-ures 4I-4K). An intact midline is therefore required to specify the laterality of neuroanatomical asymmetries, and midline disruption has similar consequences on laterality as an absence of Nodal-related signaling.
Discussion
In this study, we describe a genetic basis for the regulation of anatomical asymmetries in the vertebrate brain. We show that the laterality of asymmetric development of the diencephalic habenular nuclei and the photoreceptive pineal complex depends on an intact midline and on Oep, Cyc, and Sur, proteins that function in Nodal signaling. In addition, we propose a model for left-right patterning, in which Nodal signaling initially represses left side-specific genes and then is involved in overcoming this repression.
Development of Neuroanatomical Asymmetry
We have found that the diencephalon of larval zebrafish contains at least two neuroanatomical asymmetriesthe parapineal nucleus is present only on the left side and the left habenular nucleus is more substantial than the right habenular nucleus. In no case did we observe left parapineal isomerism (i.e., a situation wherein parapineal nuclei develop on both sides of the brain). This could be explained in one of two ways. are not due to lack of anterior midline structures as previously suggested (Bisgrove et al., 2000) , since the
